The primary consumers of building energy are heating, cooling, ventilation, and lighting systems, which maintain occupant comfort, and electronics and appliances that enable occupant functionality. The optimization of building energy is therefore a complex problem highly dependent on unique building and environmental conditions as well as on time dependent operational factors. To provide computational support for this optimization, this paper presents and implements a multi-agent comfort and energy simulation (MACES) to model alternative management and control of building systems and occupants. Human and device agents are used to explore current trends in energy consumption and management of a university test bed building. Reactive and predictive control strategies are then imposed on device agents in an attempt to reduce building energy consumption while maintaining occupant comfort. Finally, occupant agents are motivated by simulation feedback to accept more energy conscious scheduling through multi-agent negotiations. Initial results of the MACES demonstrate potential energy savings of 17% while maintaining a high level of occupant comfort.
INTRODUCTION
Buildings in the United States account for 40% of national energy consumption of which 36% is consumed by heating, cooling, and ventilation systems, 18% is consumed by lighting systems, and 10% is consumed by computers and other appliances [1] . These systems and devices are essential for maintaining occupant comfort and enabling occupant functionality. Energy reduction strategies for building operations must therefore simultaneously address both energy system controls, executed by mechanical and electrical equipment, and energy system demands, imposed by building occupants. Today, building systems generally operate according to fixed schedules, maximum design occupancy assumptions, and code defined occupant comfort ranges to ensure satisfactory temperatures, ventilation, and luminance at all times. Observations of actual building occupancy have found average occupancy in office buildings to represent at most a third of their design occupancy, even at peak times of day [2] . There is a great potential therefore to reduce building energy consumption by tailoring system control to actual occupancy loads. Even more, recent studies have shown weak and context dependent correlations between codedefined comfort ranges and occupant reported comfort ranges [3] [4] [5] . Often times, occupant comfort ranges are found to be larger and more forgiving than predicted ranges implying a potential for reduced building energy consumption by allowing more flexible and adaptive control of heating, ventilating, and air conditioning (HVAC) and lighting system set points [6, 7] .
To provide computational support for this optimization, Differentiating itself from other multi-agent building simulations, the MACES is intended to be compatible with real-world input so that it is implementable in the actual test bed site and can accurately represent occupant behavior including occupant preferences.
MULTIAGENT SIMULATION SYSTEMS
In computer science, agents, a type of distributed artificial intelligence, include physical or virtual entities that intelligently interact in an environment. Multi-agent frameworks are used to model complex environments with multiple cyber agents in simulations or physical agents that act in the world. Multi-agent simulations may serve several distinct functions including (1) evaluative, allowing policy makers and operators to understand how current systems work, (2) speculative, developing hypotheses for possible changes to the system, and (3) educational, informing the decisions by designers of future systems. Multi-agent systems have been employed in smart home management [9] and in building energy optimization and control [10] .
These systems, however, deal only with device agent management and with energy optimization for unoccupied buildings and do not incorporate occupant preferences or decisions. [12, 13] proposed multi-agent building control systems that manage occupant comfort preferences as well as building energy. These systems, however, have only been evaluated through simulations of single zones that do not fully represent the complexities of an actual operational commercial building.
SIMULATION TEST BED
The developed MACES is tested and studied with a complete floor of a three-story university building. The 
SIMULATION AGENTS
The MACES consists of a simulation module, an input/output module to communicate with agents, and an underlying reasoning and planning module. In particular, the input/output module first collects data and constructs the world model. Given the world model, the reasoning and planning module generates policies to achieve the given objectives in the context of coordination. With these world model and generated policies, the simulation module models agents' physical and behavioral interactions in the system and realizes the coordination in the actual world via the input/output module. and operate according to two states: "on" and "standby".
To represent actual occupants of the test bed building, human agents include permanent occupants such as faculty and staff in offices and attending meetings, and temporary occupants such as students or faculty and attending classes.
Each human agent can access a subset of the six available behaviors according to their types -wander, attend the class, go to the meeting, teach, study, and perform research, any one of which may be active at a given time, where the behavior is selected via the given class and meeting schedules. Each agent also has a stochastically determined temperature preference (normal distribution between 65•F and 80•F).
BUILDING SYSTEM CONTROL STRATEGIES
The simulation uses agents to investigate the energy and 
ENERGY AND COMFORT
The energy and comfort outcomes of each control strategy are estimated in real-time throughout the simulation as well as predicted to aid in MDP optimization. The multiobjective optimization of building energy and occupant comfort requires real-time cost functions to be used to represent room, zone, and occupant level values for these parameters. Energy consumption for lighting and appliance agents are modeled according to each agent's assumed power and their current state: "on", "off", or "standby" as shown in Table 1 . Lighting, appliance, and human agents are also assumed to generate the heat loads shown in Table 1 
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Average occupant comfort is estimated using the Predicted Mean Vote (PMV) thermal sensation index which calculates the average occupant sensory perception on a 7-point scale ranging from cold to hot, according to input of the thermal variables listed in Table 2 [13] . All thermal variables are kept at the constant values below with the exception of temperature, which is controlled throughout the simulation. Reactive control, temperatures were adjusting according to occupant preferences only after they entered a zone causing a time delay between occupancy and achieved comfort levels.
PRELIMINARY RESULTS
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CONCLUSIONS & FUTURE WORK
The preliminary results of the MACES demonstrate 
